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Conjugative coupling proteinTrwB is an essential protein in the conjugative transfer of plasmid R388. The protein consists of a bulky cytosolic
domain containing the catalytic site, and a small transmembrane domain (TMD). Our previous studies support
the idea that the TMD plays an essential role in the activity, structure and stability of the protein. We have pre-
pared a mutant, TrwBΔN50 that lacks one of the twoα-helices in the TMD. Themutant has been studied both in
detergent suspension and reconstituted in lipid vesicles. Deletion of a single helix from the TMD is enough to
increase markedly the afﬁnity of TrwB for ATP. The deletion changes the secondary structure of the cytosolic
domain, whose infrared spectroscopy (IR) spectra become similar to those of the mutant TrwBΔN70 lacking
the whole TMD. Interestingly, when TrwBΔN50 is reconstituted into lipid membranes, the cytosolic domain
orients itself towards the vesicle interior, opposite to what happens for wild-type TrwB. In addition, we analyze
the secondary structure of the TMD and TMD-lackingmutant TrwBΔN70, and found that the sum IR spectrum of
the two protein fragments is different from that of the native protein, indicating the irreversibility of changes
caused in TrwB by deletion of the TMD.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Bacterial conjugation is one of the major routes of horizontal gene
transfer and contributes to the spread of antibiotic resistance genes
among pathogenic bacteria. Conjugation systems consist of two func-
tional subsets of proteins, the Dtr proteins (responsible for plasmid
replication and processing of the conjugative plasmid) and the Mpf
proteins (essential for production of exocellular pili and formation
of a trans-envelope channel structure). Mediating the interaction
between both systems there is an essential membrane protein called
the Type IV Coupling Protein (T4CP). Coupling proteins could play an
active part in pumping the single-stranded DNA during cell mating,ansmembrane domain; IR, infra-
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l rights reserved.using chemical energy from ATP hydrolysis to transport the DNAmol-
ecule through the mating channel [1].
Conjugative plasmid R388 has the shortest known mobilization
region [2], coding for just three Dtr proteins: TrwA, TrwB, and TrwC.
In particular, TrwB is the conjugative coupling protein of the system.
This protein has a counterpart in all conjugative systems (TraD of
F-like plasmids, TraG of RP4, or VirD4 of Ti plasmid of Agrobacterium
tumefaciens), but TrwB is the most studied member of the family
[3–7]. TrwB is an inner membrane protein comprising 507 residues
of which the ﬁrst 70 residues form its transmembrane domain
(TMD). This TMD consists of a small cytosolic domain and two trans-
membrane segments connected by a short periplasmic loop [8]. This
protein contains the characteristic NTP-binding motifs, reminiscent
of those of the α and β subunits of F1-ATPase [9,10] and shared by
other coupling proteins [11]. A DNA-dependent ATPase activity has
been reported for a soluble mutant of TrwB lacking the transmem-
brane domain (i.e. TrwBΔN70) [12,13] although this activity remains
elusive in wild-type TrwB either solubilized in the presence of deter-
gents or reconstituted into liposomes of different lipid compositions
[5–7]. There are important differences between the wild-type protein
and the soluble form. Hormaeche et al. [4] demonstrated that TrwB
is more stable than TrwBΔN70 against different denaturing agents.
Moreover, in contrast to TrwB, the soluble mutant is not present in
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nucleotide binding activity, while TrwB binds preferentially purine
nucleotides TrwBΔN70 binds uniformly purine and pyrimidine nucle-
otides [5]. TrwB reconstitution into lipid bilayers has been described
recently [6]. Reconstituted TrwB binds ATP in a selective manner
and with higher afﬁnity than the soluble mutant (TrwBΔN70) or the
whole protein solubilized in the presence of detergents [6]. Also the
reconstituted protein is more stable than the protein in detergent
[6]. These data suggest that the TMD of TrwB and the membrane
play an essential role in the biological function of the protein, regulat-
ing its activity.
Thus TrwB belongs to the group of membrane proteins that are
inserted in the membrane through a short TMD, while the bulk of the
protein mass, including the active site, is located extramembranously.
It is generally accepted that in this kind of proteins, the TMD has little
inﬂuence on the structure and function of the extramembranous do-
main [14], although the opposite view has been occasionally expressed
[15]. As detailed above, removing the TMD of TrwB has important struc-
tural and functional differences [4–7]. In the present work we have
intended to progress in our understanding of the TMD role in TrwB.
For this purpose we have prepared and reconstituted a new mutant,
TrwBΔN50 (Fig. 1), lacking one of the two TMD transmembrane helices,
plus two short extramembranous sequences (i.e., the ﬁrst 9 amino acids
in the cytosol and the periplasmatic loop). Removal of the N-terminal
helix has structural and functional effects that are very similar to remov-
ing the whole TMD and causes the protein to change completely its
orientation when reconstituted. Moreover, we have shown in the pres-
ent work that addition of IR spectra components of the TMD and the
soluble domain TrwBΔN70 does not lead to a recovery of the original
spectrum.
2. Materials and methods
2.1. Materials
L-α-phosphatidylethanolamine (PE) from Escherichia coli and
cardiolipin (CL) from bovine heart were purchased from Avanti
Polar Lipids (Alabaster, AL). Phosphatidylglycerol (PG) was obtained
from Lipid Products (South Nutﬁeld, UK). Bio-Beads SM-2 (BB) were
obtained from BioRad Laboratories (Munich, Germany). n-Dodecyl
β‐D-maltoside (DDM) was from Anatrace (Santa Clara, CA, USA).
5-Iodoacetamidoﬂuorescein (5-IAF), 4-acetamido-4′-maleidylstilbene-
2,2′-disulphonic acid (AmdiS) and N-ethylmaleimide (NEM) were
obtained from Molecular Probes (Eugene, Or, USA). n-Octyl β‐D-
glucopyranoside (OG) and routine chemicals were purchased from
Sigma (St Louis, USA).
2.2. Preparation of large unilamellar vesicles
Large unilamellar vesicles (LUVs) were prepared from amixture of
PE:PG:CL (molar ratio 76.3:19.6:4.1) that emulates the composition
of the bacterial inner membrane [16]. LUVs were prepared by the
extrusion method as described by Hope et al. [17]. The solvent wasFig. 1. An outline of the sequences of TrwB and of the two mutants used in the present
study. The two transmembrane helices are indicated in black. The small periplasmic
loop connecting the two helices is shadowed in gray.evaporated with a stream of nitrogen and then by keeping the sample
under vacuum for 2 h. The dry lipid ﬁlm was hydrated with buffer A
[50 mM Tris–HCl (pH 7.8), 200 mM NaCl] and stirred vigorously until
the lipid ﬁlm was completely resuspended. The large multilamellar
vesicle suspension was disrupted by ten freeze–thaw cycles and then
extruded ten times through a 100-nm pore ﬁlter using a Mini Extruder
(Avanti Polar Lipids) to prepare LUVs.
2.3. Puriﬁcation and reconstitution of TrwBΔN50 into liposomes
TrwBΔN50 gene was ampliﬁed by polymerase chain reaction
(PCR). Ampliﬁed product was cloned into the expression vector plas-
mid pET-22b(+) (Novagen, Madison, WI) to generate pUB6 recombi-
nant plasmid. Plasmid pUB1 [5] was used as a template in the PCR
reaction to generate pUB6 using primers: #A (5′-GGA ATT CCA TAT
GCC AAT TTT GTT GCT TTC TGC G-3′), which adds a NdeI restriction
site (underlined) to the 5′ end of the sequence, and #B (5′-CCG CCG
CTC GAG GAT AGT CCC CTC AAC AAA‐3′), which adds a XhoI restriction
site (underlined) to the 3′ end of the gene, while eliminating its original
stop codon. The PCR product was cloned into the pET-22b(+) expres-
sion vector using the NdeI and XhoI restriction sites.
Puriﬁcation and reconstitution of TrwBΔN50 were carried out as
follows [18]. TrwBΔN50 was puriﬁed from induced E. coli BL21 C41
(DE3) cells. Cultures (12×500 ml of LB with 0.1 mg/ml ampicillin) of
E. coli BL21 C41(DE3) harboring the plasmid pUB6 were grown at 37 °C
with shaking. At an A550 of 0.6–0.8, isopropyl-D-thiogalactopyranoside
was added to a concentration of 1 mM. Cells were grown at 25 °C
for 20 h. The cultures were centrifuged at 8000×g for 15 min; the cells
were then resuspended in 50 ml buffer B [50 mM Tris–HCl (pH 7.8),
0.1 mM EDTA] supplemented with 200 mM NaCl and frozen in liquid
N2. Frozen cells were thawed at 37 °C. After addition of 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl ﬂuoride, and 0.07% (w/v)
lysozyme the cells were incubated for 30 min at 0 °C. The cells were
disrupted by sonication (10 s on/10 s off, 30 cycles) and centrifuged at
8000×g for 15 min to sediment the non-lysed cells. The supernatant
was centrifuged at 100,000×g for 1 h at 4 °C, and the pellet that contains
themembrane fractionwas resuspended in 30 ml buffer B supplemented
with 200 mM NaCl. For protein solubilization, membranes were treated
with DDM and NaCl to a ﬁnal concentration of 20 mM and 600 mM,
respectively. The membrane preparation (30 ml) was incubated for
90 min at 4 °C with continuous stirring and then centrifuged at
100,000×g for 1 h. The supernatant was brought to 200 mM NaCl by
the addition of buffer C [50 mM Tris–HCl (pH 7.8), 0.1 mM EDTA,
1 mM DDM] and 1 mM phenylmethylsulfonyl ﬂuoride and applied to
a 80 ml cellulose phosphate P-11 column (2.5×8 cm) equilibrated with
buffer B supplemented with 0.5 mM DDM and 200 mM NaCl. Proteins
were eluted with buffer B supplemented with 0.5 mM DDM and 1 M
NaCl. Next, TrwBΔN50 eluted from the phosphocellulose column was
loaded onto 5 ml Hi-Trap Chelating column (GE Healthcare, Uppsala,
Sweden) equilibrated with buffer B supplemented with 0.3 mM DDM,
200 mM NaCl, and 50 mM imidazole. Proteins were eluted from the
column with buffer B supplemented with 0.3 mM DDM, 200 mM NaCl
and 225 mM imidazole. The protein was concentrated using an ultraﬁl-
tration cell with a YM-50 ultraﬁltration membrane of regenerated cellu-
lose (Amicon, Bedford). Imidazole was removed from the sample by
PD-10 desalting column (GE Healthcare) in buffer B supplemented with
20% (v/v) glycerol, 200 mM NaCl and 0.2 mM DDM. Protein determina-
tions were performed by the Bradford method [19]. The whole process
was carried out at 4 °C. Protein was frozen in liquid nitrogen and stored
at−80 °C.
TrwBΔN50 was reconstituted as described by Vecino et al. [6] for
wild type TrwB. 100 μl liposome solution (31 mM) was solubilized
with 48 μl OG (500 mM) to reach the “onset” solubilization point
[20]. After equilibration of the detergent–phospholipid mixture for
30 min at room temperature, puriﬁed TrwBΔN50 was added at a
lipid:protein molar ratio of 250:1 in a total volume of 0.5 ml and
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removed in three steps by adsorption on BB (Bio Beads) pre-treated
according to Holloway [21]. In the ﬁrst step, 100 mg of pre-treated
BB was added to the lipid–protein–detergent solution and incubated
for 3 h at 4 °C. Then, the same amount of beads was added and
further incubated for 1 h at the same temperature. Finally, another
200 mg of beads was added and incubated overnight at 4 °C for the
complete removal of the detergent. To separate proteoliposomes from
liposomes and aggregated protein, a discontinuous sucrose gradient
was used. The sample was loaded at the bottom of a discontinuous
2.5–60% (w/v) sucrose gradient (3 ml) in buffer A and centrifuged for
3 h, at 100,000×g and 4 °C. For the appropriate diffusion of the sample,
the 60% sucrose layer was supplemented with 0.05% (w/v) Triton
X-100. Subsequently, 0.5 ml aliquots were taken from the gradient
and protein and lipid content in each fraction was analyzed. Finally,
the fractions containing both lipid and protein were diluted to 8 ml
with buffer A and centrifuged for 2 h at 100,000×g and 4 °C. The
resulting pellet containing the proteoliposomes was resuspended in
buffer A and stored on ice.
2.4. SDS-PAGE
For protein quantiﬁcation after reconstitution each fraction was
loaded onto a 12.5% SDS-PAGE gel stained with Coomassie Brilliant
Blue and the amount of protein was quantiﬁed by densitometry
using the Quantity One Software in a GS-800 Calibrated Densitometer
(BioRad Laboratories). TrwB was used as the standard protein for
quantiﬁcation. For this purpose, known amounts of puriﬁed TrwB
were loaded in different lanes and used to build the standard curve.
2.5. Determination of total phosphorous
Phospholipid quantiﬁcation was performed following the method
described by Böttcher et al. [22].
2.6. TrwBΔN50 orientation in proteoliposomes
TrwBΔN50 orientation was tested as described by Vecino et al. [6]
for wild-type TrwB by using membrane-permeable and -impermeable
thiol-reactive reagents [23]. Proteoliposomes (1.5 μM TrwBΔN50)
were subjected to one of the following treatments at 22 °C with an
incubation time of 10 min between reagent additions except for
solubilization with OG when incubation time was 30 min. (i) Total
protein labeling: Proteoliposomes were permeabilized with 220 mM
OG and subsequently labeled with 0.33 mM 5-IAF (a ﬂuorescent
membrane-impermeable thiol-reactive reagent). (ii) Outside-oriented
protein labeling: Proteoliposomes were incubated with 0.33 mM 5-IAF
to label solely the external protein. (iii) Inside-oriented protein labeling:
First, proteoliposomes were incubated with 0.33 mM AmdiS (a non-
ﬂuorescent membrane-impermeable thiol-reactive reagent) to block
externally exposed cysteine residues. Subsequently, proteoliposomes
were solubilized with 220 mM OG and then incubated with 0.33 mM
5-IAF to label solely the internally exposed cysteine residues. (iv) Un-
speciﬁc labeling: Proteoliposomes were incubated with 15 mM NEM
(a non-ﬂuorescent membrane-permeable reagent) and then incubated
with 0.33 mM 5-IAF. After incubation with the various reagents
proteoliposomes were washed by diluting them up to 8 ml in buffer A
and centrifuging for 2 h (100,000×g, 4 °C). The pellet was resuspended
in buffer A. All reactions were stopped by addition of 6× Laemmli
loading buffer [250 mM Tris/HCl (pH 7.0), 10% (w/w) SDS, 20 mM
EDTA, 50% (v/v) glycerol, 0.1% Bromophenol Blue and 9% (v/v)
2-mercaptoethanol] and analyzed by SDS-PAGE. Fluorescence of
proteins labeled with 5-IAF was visualized using the vision compact
imaging system (Scie-Plas, Southam, UK). After ﬂuorescence mea-
surements, the same gel was stained with Coomassie Brilliant Blue
for protein quantiﬁcation.2.7. TrwBTM cloning and puriﬁcation
The TrwB mutant protein only expressing the transmembrane
domain (TrwBTM) was constructed as follows. The gene was ampli-
ﬁed by polymerase chain reaction (PCR). Ampliﬁed products were
cloned into the expression vector plasmid pET-22b(+) (Novagen)
to generate pUB7. Plasmid pUB1 [5] was used as a template in the
PCR reaction to generate pUB7 using primers: #A (5′‐GGA ATT CCA
TAT GCA TCC AGA CGA TCA AAG A‐3′), which adds a NdeI restriction
site (underlined) to the 5′ end of the sequence, and #B (5′‐CCG CCG
CTC GAG TTC GCC TTG TCC GAC GCT‐3′), which adds a XhoI restriction
site (underlined) to the 3′ end of the gene. The PCR products were
cloned into the pET-22b(+) expression vector using the NdeI and
XhoI restriction sites.
TrwBTM was puriﬁed from induced E. coli BL21 C41 (DE3) cells.
Cultures (12×500 ml of LB with 0.1 mg/ml ampicillin) of E. coli BL21
C41(DE3) harboring the plasmid pUB7 were grown at 37 °C with
shaking. At an A550 of 0.6–0.8, isopropyl-D-thiogalactopyranoside was
added to a concentration of 1 mM. Cells were grown at 25 °C for 4 h.
The cultures were centrifuged at 8000×g for 15 min; the cells were
then resuspended in 50 ml buffer B supplemented with 200 mM NaCl
and frozen in liquid N2. Frozen cells were thawed at 37 °C. After addi-
tion of 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl ﬂuoride, and
0.07% (w/v) lysozyme the cells were incubated for 30 min at 0 °C. The
cells were disrupted by sonication (10 s on/10 s off, 30 cycles) and
centrifuged at 8000×g for 15 min to sediment the nonlysed cells.
The supernatant was centrifuged at 100,000×g for 1 h at 4 °C, and the
pellet that contains the membrane fraction was resuspended in 30 ml
buffer B supplemented with 200 mM NaCl. For protein solubilization,
membranes were treated with DDM and NaCl to a ﬁnal concentration
of 20 mM and 600 mM, respectively. The membrane preparation
(30 ml) was incubated for 90 min at 4 °C with continuous stirring and
then centrifuged at 100,000×g for 1 h. 1 mM phenylmethylsulfonyl
ﬂuoride and 50 mM imidazole were added to the supernatant. The
sample was applied to a HiTrap Chelating column and eluted with
buffer C supplemented with 200 mM NaCl and 225 mM imidazole.
The TrwBTM fractions were concentrated using an ultraﬁltration cell
with a YM-3 ultraﬁltrationmembrane of regenerated cellulose (Amicon)
to a ﬁnal volume of 2.5 ml and loaded onto a 120 ml Superdex HR-200
column (GE Healthcare) using a Pharmacia FPLC equipment. Gel ﬁltra-
tion was performed in buffer B supplemented with 200 mM NaCl and
0.2 mMDDM. The peak fractions corresponding to TrwBTMwere pooled
and concentrated using an ultraﬁltration cell with a YM-3 ultraﬁltration
membrane of regenerated cellulose (Amicon). Glycerol was added to a
20% (v/v) ﬁnal concentration, and the protein stored at−80 °C. Protein
determinations were performed by the Bradford method [19].
2.8. TrwBΔN70 puriﬁcation
Expression and puriﬁcation of TrwBΔN70 were carried out as
described in Tato et al. [12] except that MgCl2 was not included in
the buffers.
2.9. Nucleotide binding assays
The nucleotide-binding properties of TrwBΔN50 were analyzed
using the ATP analog TNP-ATP and protein–nucleotide complex disso-
ciation constants were calculated as described earlier by Hormaeche
et al. [5].
2.10. Infrared spectroscopy
For TrwBΔN50 infrared (IR) studies, puriﬁcation was carried out as
described above except that in the last step of the TrwBΔN50 puriﬁca-
tion the buffer was 50 mM Tris–DCl (pD 7.8), 200 mM NaCl, 0.1 mM
EDTA, 0.2 mM DDM in D2O. For TrwBΔN50 proteoliposomes, after
Table 1
A comparison of biochemical activities of wild-type TrwB with the deletion mutants
TrwBΔN70 and TrwBΔN50.
KdATP (mM)a ATPase activityb
(nmol/min per mg)
wtTrwB 2.63 nd
TrwBΔN50 0.36 nd
TrwBΔN70 0.22 700
a Dissociation constants for ATP binding as determined by chase experiments using
TNP-ATP. Data for wild type (wt) TrwB and for TrwBΔN70 are taken from Hormaeche
et al. [5]. Data for TrwBΔN50 are part of this work.
b ATPase activity of TrwBΔN70 is taken from Tato et al. [12]. No activity has been
found in wild type TrwB or TrwBΔN50 (Nd: No detected).
Fig. 2. Orientation of TrwBΔN50 into liposomes. (A) Schematic representation of the
orientation determination procedure. The “star” represents 5-IAF, A represents AmdiS
andN represents NEM labeling. 1. Total protein labeling: Solubilization of proteoliposomes
with OG and incubationwith 5-IAF. 2. Outside-oriented protein labeling: Proteoliposomes
were incubated directly with the impermeable probe 5-IAF. 3. Inside-oriented protein
labeling: Outside-oriented TrwBΔN50 was blocked with the membrane-impermeable re-
agent AmdiS. This was followed by solubilization with OG and then incubation with 5-IAF
to label the residual inside-oriented TrwBΔN50. 4. Unspeciﬁc labeling: Proteoliposomes
were incubated successively with NEM and then with 5-IAF. The reactions were stopped
by treating the samples with SDS, for SDS/PAGE electrophoresis. (B) Fluorescence
of 5-IAF-labeled TrwBΔN50 in proteoliposomes. (C) Total (Coomassie-stained)
TrwBΔN50 in proteoliposomes. (D) Fluorescence of 5-IAF-labeled wild-type TrwB in
proteoliposomes. (E) Total (Coomassie stained) TrwB in proteoliposomes.
Panels D and E taken from Vecino et al. [6].
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were diluted up to 8 ml in 50 mM Tris–DCl (pD 7.8), 200 mM NaCl
buffer in D2O. Then they were centrifuged for 2 h at 100,000×g at
4 °C and resuspended in the same buffer. Liposome samples were
measured in 50 mM Tris–DCl (pD 7.8), 200 mM NaCl buffer in D2O.
TrwBTM and TrwΔN70 samples were also measured in 50 mM Tris–
DCl (pD 7.8), 200 mM NaCl, 0.2 mM DDM buffer in D2O. The H–D
exchange was carried out by dialysis at 4 °C against the same buffer
in D2O. Typical protein sample concentration was above 1 mg/ml.
Infrared spectra were recorded in a Thermos Nicolet Nexus 5700
(Thermo Fisher Scientiﬁc, Waltham, MA) spectrometer equipped
with a liquid nitrogen-refrigerated mercury–cadmium–telluride de-
tector using a Peltier-based temperature controller (TempCompTM,
BioTools, Wauconda, IL), and a 25 μm optical path. Typically 370
scans for each, background and sample, were collected at 2 cm−1 res-
olution and averaged after eachminute. Temperaturewas increased at
a rate of 1 °C min−1. Data treatment and band decomposition of the
original amide I have been described elsewhere [24,25]. The standard
procedure is as follows: the number and position of bands are
obtained from the deconvolved (bandwidth=18 and k=2) and the
Fourier derivative (power=3 and breakpoint=0.3) spectra. The
baseline is removed before starting the ﬁtting procedure and initial
heights are set at 90% of those in the original spectrum for the bands
in the wings and for the most intense component, and at 70% of the
original intensity for the other bands. An iterative process follows, in
two stages. (i) The band position of the component bands is ﬁxed,
allowing widths and heights to approach ﬁnal values; (ii) band posi-
tions are left to change. For band shape a combination of Gaussian
and Lorentzian functions is used in principle. The restrictions in the
iterative procedure are needed because initial width and height pa-
rameters can be far away from the ﬁnal result due to the overlapping
of bands, so that spurious results can be produced. In such a way,
information from band position, percentage of amide I band area and
bandwidth are obtained for every component. Using this procedure
the result is repetitive and its mathematical accuracy is assured by
constructing an artiﬁcial curve with the parameters obtained and
subjecting it to the same procedure again. The number of bands is
ﬁxed on the basis of the narrowing procedures. The molar absorption
coefﬁcient for the different bands is assumed to be similar and within
a +/−3% error. This assumption cannot be assumed when the overall
area of the band is changed as happens e.g. in the formation of ordered
ﬁbrils. The process has been veriﬁed by using proteins of known struc-
ture and by comparing the infrared structure with X-ray data pub-
lished later.
3. Results
3.1. TrwBΔN50 reconstitution into liposomes
TrwBΔN50was puriﬁed as indicated underMaterials andmethods.
The preparation was pure and homogeneous according to SDS-PAGE.
ATP binding by TrwBΔN50 in detergent suspension was assayed as
described previously [6]. TrwBΔN50 bound ATP with an apparent
KdATP of 0.36 mM, very similar to that of TrwBΔN70 but much lower
than the corresponding value for wild-type TrwB (Table 1). This
means that removing 50 aa from the protein N-terminus increases
TrwB afﬁnity for ATP by one order of magnitude. ATPase activity of
TrwBΔN50 in detergent was also assayed, but with negative results.
Table 1 allows the comparison of the ATP-binding and ATPase proper-
ties of the wild-type protein TrwB, the mutant lacking the whole
transmembrane domain TrwBΔN70, and the mutant containing a par-
tial deletion of the transmembrane domain TrwBΔN50.
Then TrwBΔN50 was reconstituted in order to analyze its properties
in a bilayer environment. Liposomes of PE:PG:CL (76.3:19.6:4.1 mol:
mol) were partially solubilized with OG, and puriﬁed TrwBΔN50 was
added to themixture. Detergentswere removedwith successive additionsof Bio-Beads and the resulting different species (i.e., proteoliposomes,
protein-free liposomes and aggregated protein) were separated using
sucrose gradient (3 ml) centrifugation. For TrwBΔN50 proteoliposomes,
the ﬁnal lipid:protein molar ratio was 176±6:1 and the reconstitution
yield was 26% for protein.
Subsequently, TrwBΔN50 orientation in the lipid vesicles was tested.
Since TrwBΔN50has a cysteine in its cytoplasmic domain, themethod of
detection based on differential binding of membrane-permeable and
-impermeable thiol-reactive reagents (Fig. 2A) was used as described
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proteoliposomes with 220 mM OG and labeling the cysteine residue
with 5-IAF (Fig. 2B, lane 1). To label only the outside-oriented protein,
proteoliposomes were incubated directly with the impermeable probe
5-IAF (Fig. 2B, lane 2). Very little, if any, ﬂuorescence was detected,
suggesting that virtually no TrwBΔN50 was outside-oriented in
proteoliposomes. The percentage of TrwBΔN50 molecules facing the
intraluminal cavity was determined by blocking the outside-oriented
TrwBΔN50 with the membrane-impermeable reagent AmdiS, solubiliz-
ing the proteoliposomes with OG and then incubating them with 5-IAF
to label the residual inside-oriented TrwBΔN50 (Fig. 2B, lane 3).
According to these results, more than 90% of the protein reconstituted
into liposomes was inside-oriented. Finally, to measure non-speciﬁc
labeling, proteoliposomes were incubated with 15 mM NEM and then
incubated with 0.33 mM 5-IAF (Fig. 2B, lane 4). Very little non-speciﬁc
ﬂuorescence was found in the analysis. Consequently, it can be conclud-
ed that TrwBΔN50 insertion was asymmetric with the cytosolic domainFig. 3. Amide I region of the infrared spectra of TrwB and TrwBmutants in detergent suspensi
into PE:PG:CL bilayers. (C) Wild-type TrwB in detergent. (D) Wild-type TrwB in proteolipo
secondary structure components as detailed in Table 2.
Panels C and D are taken from Vecino et al. [7].facing in. To ensure that the amount of protein was equivalent in all
the experiments, the same gel was Coomassie Blue stained and showed
similar amounts of protein in all lanes (Fig. 2C). Figs. 2D and E reproduce
our previous results for wild-type TrwB orientation. In that case, the
protein was almost totally oriented with the bulky cytosolic domain
towards the outside. Thus the loss of the N-terminal 50 amino acid res-
idues, comprising one transmembrane helix and the short periplasmic
loop, is enough to cause a major change in protein orientation in the
bilayer.
3.2. Secondary structure
The secondary structure of TrwBΔN50 both in the presence of de-
tergent and reconstituted into liposomes was studied by IR spectros-
copy. The protein component was analyzed in the 1700–1600 cm−1
region of the spectrum, corresponding to the so-called amide I band.
In addition the lipid moiety of the reconstituted samples was examinedon or reconstituted in bilayers. (A) TrwBΔN50 in detergent, (B) TrwBΔN50 reconstituted
somes of PE:PG:CL. (E) TrwBΔN70. The spectra were curve-ﬁtted to show the different
Ta
bl
e
2
Se
co
nd
ar
y
st
ru
ct
ur
e
co
m
po
ne
nt
s
of
Tr
w
BΔ
N
50
so
lu
bi
liz
ed
in
de
te
rg
en
t,
Tr
w
BΔ
N
50
re
co
ns
ti
tu
te
d
in
to
lip
os
om
es
,T
rw
BT
M
an
d
Tr
w
BΔ
N
70
as
de
ri
ve
d
fr
om
th
e
am
id
e
Ib
an
d
of
in
fr
ar
ed
sp
ec
tr
a
re
co
rd
ed
in
D
2
O
m
ed
iu
m
.T
he
sp
ec
tr
a
ar
e
sh
ow
n
in
Fi
gs
.2
(T
rw
BΔ
N
50
)
an
d
6
(T
rw
BΔ
N
70
an
d
Tr
w
BT
M
).
Fo
r
de
ta
ils
on
as
si
gn
m
en
ts
,s
ee
th
e
te
xt
.T
rw
B
so
lu
bi
liz
ed
in
de
te
rg
en
t
an
d
Tr
w
B
re
co
ns
ti
tu
te
d
in
to
lip
os
om
es
da
ta
ha
ve
be
en
ob
ta
in
ed
fr
om
V
ec
in
o
et
al
.[
7]
.
Tr
w
B
in
de
te
rg
en
t
Tr
w
B
pr
ot
eo
lip
os
om
es
Tr
w
BΔ
N
50
in
de
te
rg
en
t
Tr
w
BΔ
N
50
pr
ot
eo
lip
os
om
es
Tr
w
BT
M
Tr
w
BΔ
N
70
Po
si
ti
on
(c
m
−
1
)
A
re
a
(%
)*
A
ss
ig
nm
en
t
Po
si
ti
on
(c
m
−
1
)
A
re
a
(%
)*
A
ss
ig
nm
en
t
Po
si
ti
on
(c
m
−
1
)
A
re
a
(%
)*
A
ss
ig
nm
en
t
Po
si
ti
on
(c
m
−
1
)
A
re
a
(%
)*
A
ss
ig
nm
en
t
Po
si
ti
on
(c
m
−
1
)
A
re
a
(%
)*
A
ss
ig
nm
en
t
Po
si
ti
on
(c
m
−
1
)
A
re
a
(%
)*
A
ss
ig
nm
en
t
16
83
b
1
β
-S
he
et
16
93
b
1
β
-S
he
et
(h
ig
h)
16
76
5
β
-T
ur
ns
+
β
-s
he
et
16
79
5
β
-T
ur
ns
+
β
-s
he
et
16
76
2
β
-T
ur
ns
+
β
-s
he
et
16
73
7
β
-T
ur
ns
+
β
-s
he
et
16
75
3
β
-T
ur
ns
+
β
-s
he
et
16
75
8
β
-T
ur
ns
+
β
-s
he
et
16
61
27
β
-T
ur
ns
16
64
25
β
-T
ur
ns
16
65
11
β
-T
ur
ns
16
64
4
β
-T
ur
ns
16
65
11
Tu
rn
s
16
47
41
α
-H
el
ix
16
45
39
α
-H
el
ix
16
54
27
α
-H
el
ix
16
53
43
α
-H
el
ix
16
51
76
α
-H
el
ix
16
53
26
α
-H
el
ix
16
41
37
Fl
ex
ib
le
st
ru
ct
ur
e
16
40
39
U
no
rd
er
ed
+
β
16
31
27
β
-S
he
et
16
31
17
β
-S
he
et
16
28
17
β
-S
he
et
16
36
42
β
-S
he
et
16
30
17
β
-S
he
et
16
27
12
β
-S
he
et
16
19
14
β
-S
tr
an
d
16
16
4
aa
si
de
ch
ai
ns
16
14
6
aa
si
de
ch
ai
ns
16
15
3
aa
si
de
ch
ai
ns
16
13
4
aa
si
de
ch
ai
ns
*
Th
e
ﬁ
gu
re
s
ha
d
be
en
ro
un
de
d
of
f
to
th
e
ne
ar
es
t
in
te
ge
r.
3163A.J. Vecino et al. / Biochimica et Biophysica Acta 1818 (2012) 3158–3166in three regions: 2852 cm−1 assigned to the symmetric CH2 stretching
vibration, 1800–1700 cm−1 corresponding to the lipid carbonyl group,
and the 1100–1000 cm−1 region attributed to the PO2− symmetric
band. The amide I band is conformationally sensitive and can be used
to monitor either the secondary structure composition or the changes
induced in the overall protein structure by external agents [24,25].
The decomposed and curve-ﬁtted spectra of TrwBΔN50, either deter-
gent solubilized or reconstituted in bilayers are shown in Fig. 3. As
stated in the Materials and methods section, we have assumed that
the extinction coefﬁcients of the different structures are alike andwith-
in the error of the curve-ﬁtting procedure. The corresponding parame-
ters, i.e. band position, percentage area and structure assignation are
displayed in Table 2. The D2O spectrum of TrwBΔN50 puriﬁed in
DDM exhibited ﬁve bands assignable to protein structure located at
1676, 1665, 1654, 1641 and 1628 cm−1 (Table 2). The component
at 1614 cm−1 arises mainly from amino acid side chains, i.e. Tyr vibra-
tions. The component at 1654 cm−1 was assigned to α-helix, the band
at 1628 cm−1 corresponded toβ-sheet, and the ones at 1665 cm−1 and
1676 cm−1 were assigned to β-turns. A sizeable proportion (37%) of
the TrwBΔN50 structure gives off a signal centered at 1641 cm−1,
that should be assigned to ﬂexible, non-periodic elements [25]. Note
the qualitative and quantitative similarities between TrwBΔN70 and
TrwBΔN50. Removal of the N-terminal helix appears to have the same
structural effects on the extramembranous domain than removal of
the whole TMD. When TrwBΔN50 was inserted into liposomes, a
change in the overall shape of the amide I envelope was observed
(Fig. 3). This change was consistent with the presence of a large band
at 1636 cm−1 corresponding to β-sheet. Therefore an increase from
17 to 42% in β-sheet was observed, together with a corresponding
increase (from a 27 to 43%) in α-helix, at the expense of the non-
periodic elements (Table 2). The overall changes reveal amajor increase
in periodic secondary structures when TrwBΔN50 moves from a deter-
gent to a membrane environment.
3.3. Thermal proﬁles
To obtain a deeper insight of the inﬂuence of the membrane envi-
ronment on the structure of TrwBΔN50, the thermal proﬁle of the
amide I band-width in detergent and in liposomes was studied. The
study of protein structural changes caused by an external perturba-
tion such as temperature provides information on the protein confor-
mation [24]. We analyzed the spectral shape width at half-height as a
function of temperature and recorded the spectra in the 20–80 °C
temperature range to follow the denaturing process of the protein
(Fig. 4). Thermal denaturation is accompanied by a large increase in
band-width [24]. When inserted into liposomes, the denaturation
process of TrwBΔN50 occurred at higher temperatures than when
solubilized in detergent. The mid-point denaturation temperatures
were of about 54.4 °C for TrwBΔN50 proteoliposomes and of about
48.4 °C for TrwBΔN50 in detergent (Fig. 4). This conﬁrms the idea
that the proteoliposomes have a more compact (periodically ordered)
structure. A similar effect was found for wild-type TrwB upon recon-
stitution [6].
3.4. Protein effects on the lipid bilayer
Infrared absorption bands from the different chemical groups of
phospholipids yield information about the structure of the lipid bilayer
and protein–lipid interactions. A frequently used infrared spectroscopic
parameter in these systems is the frequency of the symmetric CH2
stretching mode near 2850 cm−1. This frequency has been used as a
measure of fatty acyl order [26]. It can increase by 2–5 cm−1 upon
gel→ liquid crystalline phase transition. Results in Fig. 5A show the
band position due to the symmetric stretching of\CH2\ as a function
of temperature for a liposome preparation of PE:PG:CL in the absence of
protein and for TrwBΔN50 proteoliposomes. At room temperature the
Fig. 4. Thermal denaturation of TrwBΔN50 in detergent and reconstituted into lipo-
somes, as seen by IR spectroscopy. The widths at half-height (WHH) of the amide I
bands are plotted as a function of temperature for TrwBΔN50 in detergent (●) and
for TrwBΔN50 proteoliposomes (○). Thermal denaturation is marked by an abrupt
increase in bandwidth.
Fig. 5. IR spectral bands corresponding to lipid components. (A) Band at around
2850 cm−1 corresponding to the stretching of the \CH2\ group. (○) TrwBΔN50
proteoliposomes of PE:PG:CL, and (Δ) liposomes of PE:PG:CL processed in the absence
of protein. (B) Deconvolved band corresponding to ester group vibration in the phos-
pholipid: (○) and (●) TrwBΔN50 proteoliposomes of PE:PG:CL; (Δ) and (▲) liposomes
of PE:PG:CL processed in the absence of protein. (C) Band at 1090 cm−1 corresponding
to the phospholipid phosphate group: (○) TrwBΔN50 proteoliposomes of PE:PG:CL,
and (Δ) liposomes of PE:PG:CL processed in the absence of protein.
3164 A.J. Vecino et al. / Biochimica et Biophysica Acta 1818 (2012) 3158–3166vibrational frequency is somewhat lower in proteoliposomes, perhaps
as a result of acyl chain rotation being partially hindered by the protein.
In the absence of protein increasing the temperature produced a slight
and continuous shift to higher wavenumbers, suggesting an increase
in thermal motion. However in proteoliposomes this tendency was
only maintained up to approximately 55 °C, and from this temperature
on there was a marked shift back to the initial wavenumbers. The
change produced in the CH2 frequency is not habitual, in fact, it could
be expected the opposite. However, we believe that a change in the
architecture of the membranes is produced. This shift is concomitant
with the thermal denaturating range for TrwBΔN50, indicating that
the interaction of denatured TrwBΔN50 with the bilayer is very differ-
ent from that of the native form, and leads to this structural reorganiza-
tion in the membrane. Thermal denaturation often leads to a protein
exposing hydrophobic portions that are otherwise located in the pro-
tein interior [24]. In the presence of a lipid bilayer, those hydrophobic
regions will interact with the bilayer hydrophobic matrix, causing a
decreased freedom in acyl chain rotation, thus a lower stretching fre-
quency. Fig. 5B shows the vibration of the phospholipid carbonyl
group. The signal has two components, probably related to two differ-
ent forms of carbonyl–water interactions [27]. These two components
can be easily separated by deconvolution, as shown by the two signals
whose maxima are plotted in Fig. 5B. There is no change in band posi-
tion in the absence or presence of protein, indicating that the interface
is not perturbed by the protein, perhaps due to the relatively small
and compact TMD. Regarding the phospholipid phosphate group band
(Fig. 5C), when the protein is inserted into the bilayer the band position
shifts to lowerwavenumbers indicating thatwater has a higher accessi-
bility to the phosphate group under these conditions. Again protein de-
naturation is not detected by this region of the IR spectrum, conﬁrming
that the thermal change is limited to the hydrophobic matrix of the
bilayer, while the lipid–water interface is unmodiﬁed.
3.5. TrwBTM and TrwBΔN70 secondary structure
In a further attempt to understand the role of the TMD in the
structure of TrwB, a mutant consisting only of the TMD (TrwBTM)
was constructed and puriﬁed (Fig. 1). IR spectroscopy revealed that
the major secondary structure component (76%) was α-helix, as
expected (Fig. 6B, Table 2). The corresponding data for TrwBΔN70,
i.e. the mutant lacking the TMD, prepared in the same buffer as
TrwBTM, are also shown in Fig. 6A and Table 2.
A ‘computed spectrum’ for whole TrwB was constructed by addi-
tion of the TrwBTM+TrwBΔN70 spectra in the proportions in which
these two polypeptides contribute by weight to the wild-type TrwB,
respectively 15.2% and 84.8%. Fig. 6C shows the ‘computed’ spectrum
(in gray) superimposed on the experimental TrwB spectrum (inblack). The spectra do not overlap very well. The difference is made
clearer when the spectra are deconvoluted (Fig. 6D). This supports
the idea that removing the TMD does cause structural changes in the
remaining parts of the protein.
4. Discussion
The present work deals with the role of the transmembrane
domain (TMD) in membrane integral enzymes composed of a small
TMD and a large extramembranous domain, the latter containing
the catalytic center of the enzyme. In this particular study we consid-
er the TMD of TrwB, a protein essential for bacterial conjugation,
formed by the ﬁrst 70 amino acids of the protein consisting of a
small cytoplasmatic domain, two hydrophobic helices and a small
periplasmatic loop in between. Previous works in our laboratories
Fig. 6. (A) Amide I region of the infrared spectra of TrwBTM in detergent and (B) of TrwBΔN70. Spectra were recorded in buffer 50 mM Tris–DCl, 200 mMNaCl, 0.2 mM DDM in D2O
medium. The spectra were curve-ﬁtted to show the different secondary structure components as detailed in Table 2. (C) Amide I region of the infrared spectra of TrwB in detergent
(solid line) (data obtained from Vecino et al. [7]), TrwBΔN70 (84.8%) (dot–dashed line), TrwBTM (15.2%) (dotted line) and spectral components addition of TrwBΔN70 (84.8%) and
TrwBTM (15.2%) (dashed line). (D) Deconvolved spectra of the amide I band of TrwB (solid line) and of the spectral component addition of TrwBΔN70 (84.8%) and TrwBTM (15.2%)
(dashed line).
3165A.J. Vecino et al. / Biochimica et Biophysica Acta 1818 (2012) 3158–3166demonstrated that the TMD of TrwB has important structural and
functional roles [4–7]. Also the insertion into the membrane has an
effect on the protein as observed by the fact that TrwB inserted into
the membrane showed a marked increase in the afﬁnity for nucleo-
tides, increased ATP-speciﬁcity [6] and higher compactness and sta-
bility as compared to the protein in detergent [7]. It seems therefore
clear that there are two elements that inﬂuence the overall character-
istics of TrwB i.e. the protein TMD and the solubilized vs. inserted
forms of the enzyme. To further explore this, we have constructed a
deletion mutant in the TMD of TrwB, so that the ﬁrst N-terminal
helix plus the periplasmic domain of TrwB (TrwBΔN50) have been
removed.
Three main conclusions can be derived from our experiments, all
of them underlining the structural and functional importance of
TMD in TrwB, they refer respectively to (a) the structure of the
bulky, extramembranous domain containing the catalytic site, (b) to
the afﬁnity and speciﬁcity of the catalytic site for nucleotides, and
(c) to the mode of insertion into the membrane. Infrared spectra pro-
vide reliable information on the secondary+tertiary structures of
membrane proteins [24,25,28,29]. As summarized in Table 2, removing
the N-terminal 50 amino acid residues, which leaves intact the second
of the two transmembrane helices, has almost the same dramatic effect
on the protein in detergent than removing the whole TMD. Moreover,
reconstitution of TrwBΔN50 into lipid vesicles causes a very large
change in secondary structures, so that the reconstituted TrwBΔN50
differs greatly both from the TrwBΔN50 detergent-solubilized form
and from the membrane-reconstituted wild-type TrwB. Moreover the
addition of spectra from molecularly dissected TMD and cytosolic part
(TrwBΔN70), as shown in Fig. 6, does not reproduce the spectrum of
the native protein. This is a very clear demonstration of the effectsthat relatively small TMDs may have on the much bulkier cytosolic,
catalytic site-bearing extramembranous domains.
The TMD also inﬂuences nucleotide binding by TrwB. The combina-
tion of the present (Table 1) and previous studies [4–6] shows clearly
that the presence of the TMD decreases the afﬁnity of TrwB for nucleo-
tides in general, but increases its speciﬁcity for ATP. Once again the data
in Table 1 indicate that removal of one or two of the TMD transmem-
brane helices causes very similar effects. Staerck et al. [30] have provid-
ed, in a different system, an elegant example on how the orientation
of the TMD may have large effects on the functionality of a membrane
protein, namely the thrombopoietin receptor.
Finally the unexpected result of the inverted orientation of
reconstituted TrwBΔN50 towards the vesicle interior, as opposed
to the outwards orientation of wild-type TrwB, also deserves some
discussion, if only to emphasize our lack of understanding of the
mechanisms responsible for the membrane protein asymmetry.
The data may suggest that intramembranous proteolysis as occurs
in the pathogenesis of Alzheimer's diseases [31], may be causing,
among other effects, a change in orientation of the clipped protein.
It has been known for years [32] that similar reconstitution proce-
dures with the same detergents lead to a different insertion orienta-
tion according to the protein under study, but no clue is available at
present on what causes the given orientation. Perhaps our data in
Fig. 2 are among the ﬁrst to correlate a speciﬁc change in protein
structure with a change in insertion orientation, thus they can open
a new line of research to explore this little understood aspect of
membrane protein behavior. In general, the very large structural
and functional dependence of TrwB upon its TMD puts safely TrwB
in the group of membrane protein for which their TMD is more
than an anchor.
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